Introduction Non-invasive screening of carboxyhemoglobin saturation (SpCO) in the emergency department to detect occult exposure is increasingly common. The SpCO threshold to consider exposure in smokers is up to 9%. The literature supporting this cutoff is inadequate, and the impact of active smoking on SpCO saturation remains unclear. The primary objective was to characterize baseline SpCO in a cohort of smokers outdoors. Secondary objectives were to explore the impact of active smoking on SpCO and to compare SpCO between smokers and non-smokers. Methods This was a prospective cohort pilot study in two outdoor urban public areas in the USA, in a convenience sample of adult smokers. SpCO saturations were assessed non-invasively before, during, and 2 min after cigarette smoking with pulse COoximetry. Analyses included descriptive statistics, correlations, and a generalized estimating equation model. Results Eighty-five smokers had mean baseline SpCO of 2.7% (SD 2.6) and peak of 3.1% (SD 2.9), while 15 controls had SpCO 1.3% (SD 1.3). This was a significant difference. Time since last cigarette was associated with baseline SpCO, and active smoking increased mean SpCO. There was correlation among individual smokers' SpCO levels before, during, and 2 min after smoking, indicating smokers tended to maintain their baseline SpCO level. Conclusions This study is the first to measure SpCO during active smoking in an uncontrolled environment. It suggests 80% of smokers have SpCO ≤ 5%, but potentially lends support for the current 9% as a threshold, depending on clinical context.
Introduction
Carbon monoxide (CO) is an odorless, tasteless, and colorless toxic gas [1] . CO poisoning not due to fire is responsible for approximately 15,000 annual emergency department visits in the USA, and when including fire exposures, it may account for closer to 50,000 visits annually [2, 3] . CO toxicity is difficult to diagnose as the symptoms are non-specific, including headache, nausea, weakness, and altered mental status, and patients often do not report a history of exposure [4] . Despite these challenges, it is critical for prehospital and emergency care providers to rapidly diagnose CO poisoning in order to initiate treatment with supplemental oxygen, or in severe cases hyperbaric oxygen [5] . Moreover, CO is an environmental toxin so for every patient with an elevated concentration, others may be exposed to the source and at risk for toxicity [3] .
For diagnosis of CO exposure, emergency clinicians historically relied on invasive blood testing, until the development of multi-wave pulse CO-oximetry. This has allowed rapid noninvasive point-of-care screening for carboxyhemoglobin to become feasible [6] [7] [8] . These fingertip devices use transmission of light at different wavelengths during pulsatile blood flow to estimate carboxyhemoglobin saturation (SpCO) [9] [10] [11] .
Previous studies have validated the accuracy of SpCO from pulse CO-oximetry compared with carboxyhemoglobin measured with blood gas analysis; finding in emergency department patients, SpCO has an overall 2.99% bias and 3.27% precision [12, 13] . Emergency department screening for elevated SpCO with pulse CO-oximetry has been shown to detect unsuspected CO exposures [14] .
Appropriate interpretation of CO-oximetry testing relies upon establishing an accurate threshold level above which exposure should be suspected. There is currently no standardized cutoff, and the SpCO cutoff among non-smokers is commonly reported as < 2-3%. While a number of studies have suggested a majority of smokers have SpCO below 9%, current published guidelines by the Centers for Disease Control and Prevention continue to recommend a threshold of 9% [15] . A review article has stated SpCO in smokers may reach 15%; however, this was not found in the original cited study [16, 17] . In a large study evaluating the utility of pulse COoximetry, patients who self-reported as smokers had higher mean SpCO values, 5.2 versus 2.9% [14] . The literature supporting a baseline SpCO threshold among smokers is inadequate secondary to significant heterogeneity regarding smoking populations, testing conditions and timing, and testing methodology, resulting in a lack of clarity.
It is not clear when carboxyhemoglobin increases in temporal relation to last cigarette smoked, or if the level returns to normal after cessation of smoking. In two previous controlled studies, smokers had an increase in carboxyhemoglobin from approximately 1.6 to 5.3-7.8%, but this was after smoking 5-8 cigarettes [18, 19] . A separate controlled study found heavy smokers had a more significant increase from baseline than light smokers, with mean peak SpCO ≤ 6.1% at 20 min [20] . A small controlled study of smokers found a mean peak increase in COHgb of 1.6% measured 1-2 min after smoking, and it took approximately 2.5 h to return to baseline [21] . In another controlled study, subjects smoked five cigarettes sequentially over 1 h, and COHgb increased by a mean of 3.3% [22] . It is possible that CO kinetics are different among smokers and non-smokers; however, one retrospective study found no impact of smoking on COHgb half-life [23] . No prior studies have investigated the temporal relationship between smoking and carboxyhemoglobin in an uncontrolled setting.
The primary objective of this study was to characterize SpCO in a cohort of smokers encountered in uncontrolled public spaces. Secondary objectives were to explore the impact of active smoking on SpCO and to compare SpCO between smokers and non-smokers.
Methods
This was a prospective cohort pilot study, which consecutively enrolled a convenience sample of adult volunteer smokers in warm months between 2012 and 2014. Enrollment occurred during day and evening times, in two outdoor urban public areas in the Northeastern United States. The study was exempted by the hospital Institutional Review Board for obtaining informed consent.
Subjects in the smoker group were approached while actively smoking or just prior to lighting a cigarette from their usual brand of cigarettes. BSmoker^was defined as anyone smoking in a public area. Smokers were excluded if they were encountered indoors or were under age 18.
Carboxyhemoglobin saturation was monitored during the assessment period using a Masimo Rad 57 CO-oximeter (Masimo Inc., Irvine, CA) with a Masimo reusable adult fingertip sensor applied to a non-specific finger, according to the manufacturer instructions. The same device and probe were used for all subjects. Masimo Inc. does not recommend any type of calibration during the lifetime of their probe and COoximeter, and this model has been used in a number of other studies.
Upon enrollment, serial assessments of SpCO and oxyhemoglobin saturation (SpO2) were measured by CO-oximetry before, during, and serially at 2, 4, and 6 min after the subject smoked a cigarette in their usual manner. One reading was recorded per time point. During smoking, SpCO was measured either at 2 min into smoking, or if already actively smoking at the time of enrollment, a measurement was made at the time of enrollment. There was variation in duration to smoke one cigarette, but this variation was not recorded.
Additional data collected for potential relation to SpCO included age, sex, cardiopulmonary disease, number of years smoking, number of cigarettes smoked daily, number of cigarettes smoked on the day of measurement, and time since last cigarette.
Subjects in the control group were non-smokers who were similarly approached in an outdoor public area, and were excluded if under age 18 or if they reported a history of smoking.
Data Analysis
Descriptive statistics were calculated for age, SpCO measured at each time point, and smoking history. Spearman correlation coefficients were calculated between smoking time points, and between baseline SpCO and potential related factors including age, years smoking, cigarettes already smoked on the day of measurement, and time since last cigarette. Given SpCO measurements are reported as discrete values, Spearman correlations were utilized to determine the relationship between variables.
To determine the difference in baseline SpCO between smokers and non-smokers, a Poisson distributed linear model was fit for baseline SpCO as the outcome measure, with age, sex, and an indicator of smoking as predictors. For evaluation of SpCO while smoking, a generalized estimating equation (GEE) model was used with a Poisson distribution.
Individuals were fit as clusters with a compound symmetric correlation structure using SpCO as the outcome variable, with age, sex, years smoking, cigarettes already smoked on the day of measurement, time since last cigarette, and measurement time point as predictors. A linear trend was fit for SpCO pre-, during, and 2 min post-cigarette. Additional time points after the 2-min measurement were completed by only 20 subjects and thus excluded from the model. All analyses were conducted using SAS 9.4 (SAS Cary, NC) and R (R Core Team 2017).
Results
A total of 92 smokers were approached for enrollment, 7 declined to participate, and 85 were enrolled. A total of 15 nonsmoker volunteers were approached for enrollment as controls, and all participated. Self-reported demographic data including age, sex, and smoking habits are tabulated in Table 1 . The mean age of smoking participants was 31.5 years (SD 11.1; range 19-65), mean number of years smoking was 12.8 (SD 10.4; range 2-52), mean number of cigarettes smoked daily was 12.8 (SD 9.1; range 0-40), mean number of cigarettes smoked thus far on the day of measurement was 5.6 (SD 4.8; range 0-22), and the mean number of minutes elapsed since the last cigarette smoked was 236 min (SD 451; range 0-1440). The mean age of non-smoking participants was 23.5 years (SD 10.3; range 18-56).
SpCO measurements were obtained pre-cigarette from 49% of the smokers, during smoking from 100%, and postcigarette from 91%. SpO2 for each group is reported in Table 2 . There were 42 smokers with pre-cigarette SpCO measurements, all of whom also had during and postcigarette measurements. Mean pre-cigarette SpCO was 2.7% (SD 2.6; range 0-12; 95%CI 1.9-3.5). Mean SpCO obtained from 15 non-smoker controls was 1.3% (SD 1.3; range 1-2; 95%CI 1.0-1.5).
Spearman correlations indicated a moderate relationship between baseline SpCO and time since last cigarette (− 0.39; p < 0.01), indicating that more recent smoking was associated with higher baseline SpCO. There was no significant correlation in this cohort between pre-cigarette SpCO and age, years smoking, number of cigarettes smoked daily, or number of cigarettes smoked on the day of measurement (Table 3) .
There was little variation in mean SpCO before, during, or after smoking, with 2.7% (SD 2.6; range 0-12), 2.7% (SD 2.5; range 0-12), and 3.1% (SD 2.9; range 0-12), respectively. Spearman correlations between pre-, during, and 2 min postcigarette SpCO were all significant (0.72-0.78; p < 0.0001) ( Table 4) . These relationships support the use of a GEE model to estimate the trend over time fitting within subject correlation.
Results from the Poisson linear model indicated a significant difference between baseline SpCO of smokers and nonsmokers (Fig. 1) . The estimated incident risk ratio (IRR) was 1.98 (95%CI 1.20-3.26; p 0.007) in smokers compared to non-smokers for a unit increase in SpCO. The GEE model indicated a significant increase in SpCO from baseline to 2 min post-cigarette with an IRR of 1.37 (95%CI 1.13-1.66; p < 0.001) (Fig. 2) . Additionally, baseline SpCO was significantly associated with time since last cigarette with an IRR of 0.93 per 60 min (95%CI 0.87-0.99; p 0.047). Testing relationships of baseline SpCO with age and smoking habits found significance only for time since last cigarette, with both Spearman correlation and GEE modeling.
Discussion
This prospective pilot study's cohort of outdoor cigarette smokers had a significant but relatively small difference in baseline SpCO compared with non-smoker controls, 2.7% [24] . Smoking subjects' mean peak SpCO of 3.1% at 2 min after smoking is lower than the 9% often used as a cutoff in smokers. This study was not designed to discriminate a specific cutoff but found 80% of subjects had SpCO ≤ 5%, and 96% had SpCO ≤ 9%. This study potentially supports the use of 9% as an SpCO threshold among smokers, depending on clinical context. There was a wide range of SpCO levels among smokers. No clear reason was identified for elevated SpCO in the subgroup of 16 smokers with SpCO > 5%. Future studies are needed to elucidate factors associated with high elevations of SpCO encountered in a subgroup of subjects. Among non-smokers, the threshold for strong suspicion of CO exposure is typically considerably lower at 2-5% [12, 13, 25] .
In this study, we found a significant increase in SpCO during smoking with an IRR of 1.37, demonstrating SpCO increases between time points. Although individual time point estimates have overlapping confidence intervals, the overall slope estimate was positive with a confidence interval not overlapping one. This increase was consistent with several controlled studies which found increased SpCO after smoking [18] [19] [20] . The strong correlations between pre-, during, and post-cigarette SpCO indicate that smokers who started with high baseline SpCO maintained elevated levels at 2 min, and those who started with low levels maintained lower levels.
There was no significant correlation between precigarette SpCO and age, years smoking, cigarettes smoked daily, or cigarettes already smoked on the day of measurement. Although Roth et al. found the number of cigarettes smoked daily was an independent predictor of SpCO, in this cohort, it was not associated [13] . In this study, more recent smoking was moderately associated with higher baseline SpCO. This relationship was expected, though it is noteworthy that the two variables were only moderately correlated. Other factors unaccounted for in this study may exist that influence baseline SpCO, including occupational The moderate relationship may also be secondary to low inhaled doses of CO, which was not standardized or measured. We suggest smoking habits continue to be assessed clinically when considering CO exposure. Sex was accounted for in the GEE model to reduce variability in the model; however, directly comparing baseline SpCO between males and females in this study was not meaningful; of the 42 subjects in whom pre-smoking SpCO was measured, only 6 were female.
Self-reported history of cardiopulmonary disease was present in five subjects (supraventricular tachycardia, hypertension, pulmonary hypertension, asthma, and unknown lung disease). The mean age of these five patients was 23 years, and the mean post-cigarette SpCO was 5.2%. These were excluded from analyses given the limited number of data points. There is suggestion SpCO may be elevated in asthma and chronic obstructive pulmonary disease, but literature remains unclear on which conditions are associated with elevated carboxyhemoglobin [26, 27] . We do not expect a relationship between SpCO and hypertension or supraventricular tachycardia. The prevalence of self-reported cardiopulmonary disease in this study is lower than would typically be expected from a smoking population; this may be related to the smokers' mean age of 31 years.
Limitations
This study enrolled a cohort of smokers in an outdoor environment. Volunteers were disproportionally male and young and may not be representative of all smokers. Although it was our goal to enroll typical smokers, subjects may have represented an overall healthier group given they were ambulatory and otherwise well, in contrast to those encountered in a home, institutional, or healthcare setting. This study monitored a patient smoking a single cigarette. Patients who serially smoke multiple cigarettes may reach an SpCO level higher than those found in this cohort. Self-reported smoking habits may have been inaccurate. The sample size may have been underpowered to detect associations between some of the variables. We were unable to meaningfully compare males and females, given females were significantly underrepresented in the convenience sample. Finally, although the study design intended to capture pre-smoking data and an extended observation period after smoking, logistically, it was often not feasible to identify smokers in public prior to initiation of smoking, and frequently they would not remain for prolonged observation. However, once identified, all smokers allowed a during and post-cigarette measurement at 2 min.
Conclusions
With increased non-invasive screening for CO, it is imperative to establish thresholds above which CO exposure is to be suspected, both in the patient presenting for care but also for those remaining in a potentially toxic environment. This is the first study to measure SpCO during active smoking in an uncontrolled environment. Of the tested variables in smokers, only time since last cigarette was associated with baseline SpCO. There was a small but significant increase in SpCO with smoking: smokers had baseline SpCO approximately two-fold higher than non-smokers. Only 20% of ambulatory smokers had SpCO > 5%, and only 4% had SpCO > 9%. These findings suggest most smokers will have SpCO < 5%, but potentially lends support for the currently referenced threshold of 9%, depending on clinical context. Sources of Funding None.
